Fenretinide (4-HPR) is a retinoic acid analogue, currently used in clinical trials in oncology. Metabolism of 4-HPR is of particular interest due to production of the active metabolite 4′-oxo 4-HPR and the clinical challenge of obtaining consistent 4-HPR plasma concentrations in patients. Here, we assessed the enzymes involved in various 4-HPR metabolic pathways.
Introduction
Fenretinide (4-HPR) is a synthetic analogue of retinoic acid, currently used in clinical trials in children for the treatment of neuroblastoma. In addition, Ewing's sarcoma cell lines have been shown to be sensitive to 4-HPR treatment in vitro (Lovat et al., 2000; Myatt and Burchill, 2007) and 4-HPR has been shown to be effective in pre-clinical animal studies (Ponthan et al., 2003; Maurer et al., 2007) . As both of these paediatric cancers have 5-year survival rates of less than 60% (Gatta et al., 2002) , improvements in their clinical treatment are clearly needed. Unlike other retinoid derivatives currently in use in the clinic, such as all-trans retinoic acid (ATRA) and 13-cis retinoic acid (13-cisRA), 4-HPR induces apoptosis as well as differentiation (Kitareewan et al., 1999) , and is also better tolerated than other retinoids (Garaventa et al., 2003) . The metabolism of both ATRA and 13-cisRA have previously been characterized, with cytochrome P450 enzymes (CYPs) including 2C8, 3A7, 3A5, 2C18, 3A4 and 2C9 having been identified in the metabolism of ATRA, and CYPs including 2C8, 3A7, 4A11, 1B1, 2B6 and 2C9 responsible for the metabolism of 13-cisRA (Marill et al., 2000; McSorley and Daly, 2000) . While 4-HPR metabolism is similar to that of ATRA and 13-cis retinoic acid in many respects, 4-HPR produces an active metabolite, 4′-oxo fenretinide (4′-oxo 4-HPR), which is able to act synergistically with 4-HPR and is also active against some 4-HPR-resistant cell lines (Villani et al., 2006) . 4-HPR is also metabolized to an inactive metabolite in the form of 4-methoxy fenretinide (4-MPR) (Mehta et al., 1998) , with significant metabolism to both of these metabolites observed in clinical trials (Villani et al., 2004; Villablanca et al., 2006; Formelli et al., 2008) . Although the formation of glucuronide metabolites of fenretinide has not previously been reported, this metabolic pathway may be applicable to fenretinide as glucuronidation of other retinoids has been described by our group and others (Czernik et al., 2000; Samokyszyn et al., 2000; Rowbotham et al., 2010a) . As one of the main limitations to the clinical development of orally administered 4-HPR is the achievement of effective and consistent plasma concentrations in patients (Maurer et al., 2007) , metabolism of the parent drug is clearly an important issue. The aim of the current study was to characterize the in vitro metabolism of 4-HPR in human liver microsomes (HLM), supersomes overexpressing individual human CYPs, CYP2C8 variants expressed in Escherichia coli and a panel of recombinant human uridine 5′-diphospho-glucoronosyl transferases (UGTs).
Methods

Chemicals
CYP2C8 clones were kindly provided by Dr Frank J Gonzalez of the National Cancer Institute, Bethesda, MD, USA. The human P450 reductase clone was kindly provided by Dr Thomas Friedberg of the University of Dundee. 4-HPR and 4-MPR were generously provided by Cancer Research UK and 4′-oxo-4-HPR was provided by High Force Research Ltd. (Durham, UK). Anti-CYP reductase, anti-CYP 2C8 and horseradish peroxidase-linked donkey anti-rabbit IgG antibodies were purchased from Millipore (Watford, UK). HLM, HIM, CYP supersomes and UGT supersomes were supplied by BD Biosciences (Oxford, UK). Bactopeptone, bactotryptone, yeast extract and bactoagar were purchased from Difco Laboratories (East Mosely, UK). ECL Plus Western blotting detection reagents were obtained from G E Healthcare (Buckinghamshire, UK). Tris-glycine gels were supplied by Invitrogen (Paisley, UK). JM109 competent cells were purchased from Promega (Southampton, UK). Carbon monoxide was supplied by BOC gases (Guildford, UK). high-performance liquid chromatography (HPLC)-grade solvents were from Fisher Scientific (Loughborough, UK). All other chemicals and reagents were purchased from Sigma-Aldrich (Poole, UK).
Liquid chromatography/mass spectrometry (LC/MS) analysis of 4-HPR and metabolites
Separation of 4-HPR and its metabolites was achieved using a Perkin Elmer LC (Beaconsfield, UK) system, consisting of a vacuum degasser, two series 200 pumps, a thermostatically controlled series 200 autosampler and a Waters 2487 UV absorbance detector. Reverse-phase chromatography was performed using a Luna 3 mm C18 50 ¥ 2 mm column with a flow rate of 250 mL·min -1 and an injection volume of 10 mL. Mobile phases consisted of (A) 40% acetonitrile/60% (0.2%) acetic acid and (B) acetonitrile/0.2% acetic acid. A linear gradient ran from 100% A at 0 min to 100% B at 3 min, at which it was maintained for 2.5 min before returning to 100% A. An Applied Biosystems (Warrington, UK) API-2000 liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) triple Q (quadrupole) mass spectrometer with electrospray ionization source, controlled by Analyst software, was operated in single quadrupole negative mode for the detection of 4-HPR [multiple reaction monitoring (MRM) of 392/283], 4′-hydroxy 4-HPR (4′OH 4-HPR) (MRM 407/299) and 4′-oxo 4-HPR (MRM 406/297).
HPLC analysis of 4-HPR and metabolites
HPLC analysis was carried out using a Waters 2690 Separations Module and 996 photodiode array (PDA) detector (Waters Ltd, Elstree, UK), with Waters Millennium software for data acquisition, based on the previously published method of Formelli et al. (1993) . Separation of 4-HPR, 4′-OH 4-HPR, 4′-oxo 4-HPR and 4-MPR was achieved using a Waters Symmetry C18 3.5 mm (4.6 ¥ 150 mm) column, with mobile phases (A) 70% acetonitrile/30% (0.2%) acetic acid and (B) acetonitrile/0.2% acetic acid. A linear gradient ran at 1 mL·min -1 from 100% A at 0 min to 100% B at 20 min, returning to 100% A for 10 min to re-equilibrate the column. A sample volume of 50 mL was injected onto the column for analysis. Separation of 4-HPR and its glucuronide metabolites was achieved using a Luna C18 (2) column (50 ¥ 2.0 mm, 3 mm) (Phenomenex, Torrance, CA, USA), was used with mobile phases (A) 0.1% acetic acid, pH 5.0 and (B) 100% acetonitrile. A linear gradient ran at 0.2 mL·min -1 from 60% A at 0 min to 100% B at 6 min, maintaining at 100% B for 4 min and returning to 60% A for 10 min to re-equilibrate the column. A sample volume of 20 mL was injected onto the column for analysis. The limit of quantification of the assay was 0.01 mg·mL -1 and the inter-assay coefficients of variation were 4.3-6.5% for 4-HPR and metabolites.
Incubation of 4-HPR with HLM, HIM, CYP supersomes and UGT supersomes
HLM or a panel of CYP supersomes (up to 1 mg·mL -1 protein) over-expressing individual human CYPs were incubated with 50 mM 4-HPR in 0.1 M phosphate buffer, pH 7.4, containing 1 mM MgCl2 and 2 mM nicotinamide adenine dinucleotide phosphate in a final volume of 200 mL for 3 h. CYPs 1A6, 2B6, 2E1, 3A4, 3A5, 2C8, 2C9 and 2C19 were used. For experiments investigating 4-HPR glucuronidation, HLM, HIM or a panel of UGT supersomes over-expressing individual UGTs were incubated with 200 mM 4-HPR in an incubation mixture consisting of alamethecin (25 mg·mL -1 ), MgCl2 (8 mM), uridine diphosphate glucuronic acid (2 mM) and methanol (0.25%), made up to a final volume (50 mL) with Tris-HCl buffer (50 mM, pH 7.5). UGTs 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B5, 2B15 and 2B17 were used. Incubations were carried out at 37°C for 3 h. Reactions were initiated by the addition of enzyme and terminated with ice-cold acetonitrile (100 mL). To confirm that the metabolite produced was a glucuronide, b-glucuronidase (800 U) in potassium phosphate buffer (75 mM, pH 6.8) was added to samples prepared from the incubations as described above, and the mixture was incubated at 37°C for 30 min. All reactions were terminated by the addition of ice-cold acetonitrile (400 mL) and samples were centrifuged at 10 000¥ g for 5 min to remove all protein. Supernatant was then retained for HPLC analysis. Experiments were carried out in parallel, with all comparative samples for a defined experiment being analysed within a single assay.
Determination of kinetic parameters for 4Ј-OH 4-HPR, 4Ј-oxo 4-HPR, 4-MPR and 4-HPR glucuronide formation
Kinetic parameters for the formation of 4′-OH 4-HPR, 4′-oxo 4-HPR and 4-MPR were determined following incubations of 0-1 mg·mL -1 protein of HLM or CYP3A4, 3A5 or 2C8 supersomes with 50 mM 4-HPR, or 0-100 mM 4-HPR with 0.25 mg·mL -1 protein. Incubations to determine 4-MPR formation also had 0.2 mM S-adenosyl methionine (SAM) added as a methylation co-factor. Kinetic parameters for the formation of the glucuronide metabolite of 4-HPR were determined following incubations of 0-1.5 mg·mL -1 protein of HLM, HIM or UGTs 1A1, 1A3 or 1A6 with 200 mM 4-HPR, or 0-2 mM 4-HPR with 1 mg·mL -1 protein. Calculations were performed with GraphPad Prism version 4.0 software (GraphPad Software Inc., San Diego, CA, USA). Because of the lack of authentic standards for 4′-OH 4-HPR and 4-HPR glucuronide, Vmax results were calculated in peak area U·min -1 .
Determination of kinetic parameters for 4Ј-OH 4-HPR and 4Ј-oxo 4-HPR formation by CYP2C8 variants
JM109 high competency E. coli cells were transfected with plasmids for CYP variants *1 (wild type), *3, *4 or an empty plasmid (control), and co-transfected with CYP reductase prior to the generation of membrane fractions as previously described (Rowbotham et al., 2010b) . The level of CYP2C8 and P450 reductase expression was assessed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis on 4-20% tris-glycine gels followed by Western blotting with rabbit anti-CYP2C8 and rabbit anti-P450 reductase antibody, followed by horseradish peroxidase-linked donkey anti-rabbit IgG secondary antibody. Detection was by enhanced chemiluminescence. CYP content was measured using Fe 2+ -CO versus Fe 2+ difference spectra and P450 reductase content was measured using the cytochrome C reductase assay as previously described (Rowbotham et al., 2010b) .
Kinetic parameters for the formation of 4′-OH 4-HPR and 4′-oxo 4-HPR were determined following incubations of 0-1 mg·mL -1 protein of CYP2C8 isoform membrane fractions with 50 mM 4-HPR, or 0-100 mM 4-HPR with 0.25 mg·mL -1 protein. Because of the lack of an authentic standard for 4′-OH 4-HPR, Vmax results are given in peak area U·min -1 . One-way analysis of variance was used to compare Km and Vmax data, with P < 0.05 used to determine significance. Individual CYP2C8 variants were then compared with wild type by use of Student's t-test. All calculations were performed with GraphPad Prism version 4.0 software (GraphPad Software Inc.).
Inhibition of 4-MPR
Known inhibitors or competitive substrates of several methylating enzymes were added to HLM incubations. Compounds used were: 4-nitrocatechol, nialamide, pargyline [inhibitors of catechol-O-methyltransferases (COMT)], acetaminophen [inhibitor of phenol methyltransferase (PMT)] and imidazole (competitive substrate for amino-N-methyltransferase). HLM (0.5 mg·mL -1 ) were incubated with 50 mM 4-HPR, 0.2 mM SAM and 0-5 mM inhibitor in 0.1 M phosphate buffer, pH 7.4, containing 1 mM MgCl2 and 2 mM NADPH in a final volume of 200 mL for 3 h. The reaction was stopped by addition of 400 mL acetonitrile, and samples were centrifuged at 10 000¥ g for 5 min to remove all protein. Supernatant was then retained for HPLC analysis.
Results
Chromatographic analysis of 4-HPR and its metabolites
Following incubation of 4-HPR with HLM, the metabolites produced were analysed by LC/MS/MS and HPLC. Peaks were identified for 4-HPR and its two main polar metabolites, 4′OH-4-HPR and 4′-oxo 4-HPR, in addition to 4-HPR glucuronide, as shown in Figure 1 . 4-HPR and 4′-oxo 4-HPR were identified by co-elution with authentic standards and by their mass spectrometry/mass spectrometry (MS/MS) profiles. 4′-OH 4-HPR was identified by its MS/MS profile alone and 4-HPR glucuronide was identified by peak removal following incubation of samples with b-glucuronidase, as no authentic standards were available for either of these metabolites. Retention times (RT) for the HPLC assay were 3.5 min, 3.9 min and 13.5 min for 4′-OH 4-HPR, 4′-oxo 4-HPR and 4-HPR respectively. RT for the HPLC assay used for identification of 4-HPR glucuronide were 6.9 min for 4-HPR glucuronide and 11.1 min for 4-HPR. Additional peaks seen at similar RT to 4-HPR were isomers of 4-HPR. LC/MS/MS analysis identified 4-HPR with an MRM of 392/283 (RT 5. 8 min), 4′-OH 4-HPR with an MRM of 407/299 (RT 4.3 min), and 4′-oxo 4-HPR with an MRM of 406/297 (RT 5.1 min).
Incubation of 4-HPR with CYP supersomes
4-HPR 50 mM was incubated with a panel of supersomes overexpressing individual human CYPs, to identify the enzymes responsible for the oxidation and hydroxylation of 4-HPR. While all CYPs tested were able to generate 4′-OH 4-HPR, as shown in Figure 2 , CYPs 3A4, 3A5 and 2C8 clearly produced the highest levels. Only CYPs 3A4 and 2C8 were able to generate 4′-oxo 4-HPR, the known active metabolite of 4-HPR.
Determination of kinetic parameters for 4Ј-OH 4-HPR, 4Ј-oxo 4-HPR and 4-MPR formation
4-HPR was incubated with HLM or supersomes overexpressing individual human CYPs to determine enzyme kinetic parameters. CYPs 3A4, 3A5 and 2C8 were used, as these had been shown to metabolize 4-HPR to 4′-OH 4-HPR and 4′-oxo 4-HPR. Metabolite production was related to 4-HPR concentration as shown in Figure 3 , with kinetic parameters for all three CYPs and HLM presented in Table 1 . HLM were the most effective at metabolizing 4-HPR to the known active metabolite 4′-oxo 4-HPR, with a Vmax of 131 peak area U·min -1 , as compared with Vmax values of 30, 25 and 0 peak area U·min -1 for of the individual CYPs 2C8, 3A4 and 3A5 respectively. In terms of 4′-OH 4-HPR production, HLM exhibited a Vmax of 28 peak area U·min -1 , as compared with Vmax values of 115-282 peak area U·min -1 for supersomes expressing individual CYPs. Results expressed as values normalized for CYP content are also shown for the individual human CYPs in Table 1 . Significant differences were observed in Vmax values between CYP2C8 and CYP3A4 for both 4′-oxo and 4′-OH metabolite formation (P = 0.0001 and P = 0.0005, respectively) and between CYP2C8 and CYP3A5 for 4′-OH formation (P < 0.0001). Because of the level of metabolism seen with CYP2C8, and as 2C8 is known to be polymorphic, the effect of CYP2C8 variants on metabolism was then investigated.
Figure 1
Representative chromatograms showing separation of fenretinide (4-HPR) and metabolites by LC/MS/MS (A) and reversed-phase highperformance liquid chromatography (B, C and D). Metabolites were generated following a 3-h incubation of 20 mM 4-HPR with 0.5 mg·mL 
Determination of kinetic parameters for 4Ј-OH 4-HPR and 4Ј-oxo 4-HPR formation by CYP2C8 variants
The CYP content of E. coli transfectants varied from 175-295 pmol·mg -1 of protein, and was comparable to CYP2C8 supersomes, which contained 293 pmol of CYP mg -1 protein. CYP reductase concentrations ranged from 180-213 nmol·mg -1 ·min -1 , again comparable to CYP2C8 supersomes (176 nmol·mg -1 ·min -1 ). 4-HPR was incubated with each CYP2C8 variant to determine enzymatic kinetic parameters. Metabolite production with increasing 4-HPR concentration is shown in Figure 4 , with kinetic parameters provided in Table 2 . Differences in metabolism to 4′-OH 4-HPR and 4-oxo 4-HPR were observed with the 2C8 variants, most notably with CYP2C8*4. In terms of 4′-OH 4-HPR production, although there were no significant differences in Km values for *1, *3 and *4 (5.6, 8.6 and 4.3 mM, respectively), Vmax values for *3 (0.24 peak area U·min -1 ·pmol -1 CYP) and *4 (0.11 peak area U·min -1 ·pmol -1 CYP) were significantly different from *1, which had a Vmax of 0.20 peak area U·min -1 ·pmol -1 CYP (P = 0.03 and 0.0025 respectively). Vmax/Km ratios for 4′-OH 4-HPR were 0.028 and 0.026 for *3 and *4, respectively, as compared with 0.036 for *1. Formation of 4′-oxo 4-HPR by CYP2C8 *1 was characterized by a Vmax of 0.04 peak area U·min -1 ·pmol
CYP and a Km of 19.3 mM. These results were comparable to Vmax and Km values of 0.05 and 18.8 mM, respectively, for CYP2C8*3. However, for CYP2C8*4, the Vmax was 0.128 peak area U·min -1 ·pmol -1 CYP, and the Km was 59.8 mM, significantly different from CYP2C8 *1 (P = 0.004).
CYP inhibition
4-HPR was incubated with HLM and CYP inhibitors omeprazole (inhibitor of CYP2C8 and 2C9) and ketoconazole (inhibitor of CYP3A4), either alone or in combination (data not shown). Ketoconazole (100 mM) considerably inhibited the production of both metabolites, with 75% inhibition of 4′-OH 4-HPR and 85% inhibition of 4′-oxo 4-HPR. Omeprazole alone at a concentration of 100 mM had very little effect on the production of either metabolite, but in combination with 100 mM ketoconazole resulted in complete inhibition of the production of both metabolites.
Production of 4-MPR from HLM
Addition of the methylation co-factor SAM to incubations of HLM and 4-HPR resulted in production of 4-MPR ( Figure 1C) , with 4-MPR peak area increasing with increasing SAM concentrations up to 0.2 mM. This concentration of SAM was added to all microsomal reactions investigating the production of 4-MPR. Figure 5A shows the extent of formation of 4-MPR following incubations of 4-HPR at concentrations of 0-100 mM. A Km value of 236 mM was determined for 4-MPR formation, markedly higher than those observed for 4′-OH
Figure 2
Formation of 4′-OH 4-HPR and 4′-oxo fenretinide (4′-oxo 4-HPR) metabolites of 4-HPR by a panel of supersomes over-expressing individual human cytochrome P450s. Metabolite formation was determined by high-performance liquid chromatography analysis. Control supersomes were from cells transfected with an empty vector. Metabolites were generated by 3-h incubation of 50 mM 4-HPR with 1 mg·mL -1 of each supersome for 3 h. Results are mean Ϯ SD from three independent experiments. HLM, human liver microsomes.
Figure 3
Determination of kinetic parameters for the formation of (A) 4′-oxo fenretinide (4′-oxo 4-HPR) and (B) 4′-OH 4-HPR metabolites by a panel of supersomes over-expressing individual human CYPs. The major CYPs (0.5 mg mL -1 ) found to metabolize 4-HPR (human cytochrome P450s 3A4, 3A5 and 2C8) were incubated with 0, 2.5, 5, 10, 15, 20, 50 and 100 mM 4-HPR for 3 h. Metabolite formation was determined by high-performance liquid chromatography analysis. Results are mean Ϯ SD from three independent experiments. and 4′-oxo 4-HPR. Similarly, a calculated Vmax value of 823 peak U·min -1 for 4-MPR was higher than those observed for the 4′-OH and 4′-oxo metabolites.
Inhibition of 4-MPR formation
Known inhibitors or competitive substrates of several methylating enzymes were added to HLM incubations. Although inhibitors of COMT and PMT had no effect on 4-MPR production, imidazole (a competitive substrate for amine-Nmethyltransferase) inhibited 80% of 4-MPR production, but only at a concentration of 5 mM, as shown in Figure 5B .
Incubation of 4-HPR with UGT supersomes
4-HPR (200 mM) was incubated with a panel of supersomes expressing individual UGT enzymes, as well as HIM and HLM, to identify the enzymes responsible for the production of the glucuronide metabolite of 4-HPR ( Figure 1D ). Of the UGTs included in the screen, only UGTs 1A1, 1A3 and 1A6, in addition to HIM and HLM, produced 4-HPR glucuronide ( Figure 6 ). Incubation of samples with b-glucuronidase resulted in complete removal of the metabolite peak, confirming it as a glucuronide.
Determination of kinetic parameters for formation of 4-HPR glucuronide
4-HPR was incubated with HLM, HIM or individual UGT enzymes to determine enzyme kinetic parameters. UGTs 1A1, 1A3 and 1A6 were used, as these had been shown to metabolize 4-HPR to its glucuronide metabolites. Glucuronide production was related to 4-HPR concentration as shown in Figure 7 , with kinetic parameters provided in Table 3 . Vmax values of 0.62, 2.11 and 0.02 (peak area U·min -1 ·pmol -1 UGT) were determined for UGTs 1A1, 1A3 and 1A6, respectively, with significant differences in Vmax values observed between all three UGTs. Km values were high for all UGTs and microsomes investigated, ranging from 389 mM for UGT 1A3 to 1212 mM for HIM. The major CYPs found to metabolize 4-HPR (CYPs 3A4, 3A5 and 2C8) were incubated with 0, 2.5, 5, 10, 15 and 20 mM 4-HPR for 3 h. Metabolite formation was determined by HPLC analysis. Results are expressed as mean Ϯ SD from n Ն 3 experiments. Vmax for 4′-oxo 4-HPR significantly different for CYP3A4 and CYP2C8 (P = 0.0001); Vmax for 4′-OH 4-HPR significantly different for CYP3A4 and CYP2C8 (P = 0.0005) and for CYP3A5 and CYP2C8 (P < 0.0001); Km for 4′-OH 4-HPR significantly different for CYP3A4 and CYP3A5 (P = 0.0085) and for CYP3A5 and CYP2C8 (P = 0.0046). Statistical analysis carried out on supersome data only, with Vmax results standardized to pmol CYP used for analysis. 4-HPR, fenretinide; 4′-OH 4-HPR, 4′-hydroxy fenretinide; 4′-oxo 4-HPR, 4′-oxo fenretinide; CYP, cytochrome P450; HIM, human intestinal microsomes; HLM, human liver microsomes; N/A, no data available; N/D, not detected.
Figure 4
Determination of kinetic parameters for the formation of (A) 4′-oxo fenretinide (4′-oxo 4-HPR) and (B) 4′-OH 4-HPR metabolites by CYP2C8 variants. E. coli membrane fractions (0.5 mg·mL -1 ) co-expressing CYP2C8 variants and P450 reductase were incubated with 0, 2.5, 5, 10, 15 and 20 mM 4-HPR for 3 h. Metabolite formation was determined by high-performance liquid chromatography analysis. Results are mean Ϯ SD from three independent experiments.
Discussion and conclusions
The in vitro metabolism of 4-HPR was investigated to characterize the key metabolic pathways and the enzymes involved. Elucidation of these enzymes is particularly important as 4-HPR is significantly metabolized in vivo to both active and inactive moieties, in the form of 4′-oxo 4-HPR and 4-MPR respectively (Villani et al., 2004; Villablanca et al., 2006; Formelli et al., 2008) . We have also identified 4′-OH 4-HPR as an additional polar metabolite of 4-HPR formed in vitro. This metabolite is likely to be one of several additional unidentified polar metabolites previously observed by Formelli et al. (1989) in breast cancer patients treated with 4-HPR. 4-HPR metabolism is of particular relevance to its clinical utility as the achievement of effective, and consistent plasma concentrations of parent drug in patients has been a key limitation to its clinical development (Maurer et al., 2007) .
Table 2
Determination of kinetic parameters for the formation of the 4′-OH 4-HPR and 4′-oxo 4-HPR metabolites of 4-HPR by CYP2C8 variants Individual CYP2C8 variants co-expressing P450 reductase, were incubated with 0, 2.5, 5, 10, 15 and 20 mM 4-HPR for 3 h. Metabolite formation was determined by high-performance liquid chromatography analysis. Results are expressed as mean Ϯ SD from n Ն 3 experiments. Vmax for 4′-oxo 4-HPR significantly different for *1 and *4 (P = 0.0037) and for *3 and *4 (P = 0.01); Km for 4′-oxo 4-HPR significantly different for *1 and *4 (P = 0.0035) and for *3 and *4 (P = 0.039); Vmax for 4′-OH 4-HPR significantly different for *1 and *3 (P = 0.03),*1 and *4 (P = 0.0025) and for *3 and *4 (P = 0.0004). 4-HPR, fenretinide; 4′-OH 4-HPR, 4′-hydroxy fenretinide; 4′-oxo 4-HPR, 4′-oxo fenretinide; CYP, cytochrome P450.
4Ј-oxo 4-HPR 4Ј-OH 4-HPR
Figure 5
Formation of methoxy fenretinide (4-MPR) following a 3-h incubation of 0.5 mg·mL -1 human liver microsomes (HLM) with 0-100 mM fenretinide (4-HPR) and 0.2 mM S-adenosyl methionine (SAM) (A) and following a 3 h incubation of 0.5 mg·mL -1 HLM with 50 mM 4-HPR and 0.2 mM SAM in the presence of 0-5 mM imidazole (B).
Figure 6
Formation of glucuronide metabolites of fenretinide (4-HPR) by a panel of uridine 5′-diphospho-glucoronosyl transferases (UGT) enzymes, human intestinal microsomes (HIM) and human liver microsomes (HLM). Metabolite formation was determined by HPLC analysis. Metabolites were generated by 3-h incubation of 200 mM 4-HPR with 1 mg·mL -1 of each UGT/microsome for 3 h. Results are mean Ϯ SD from three independent experiments.
Initial experiments were carried out to identify the metabolites produced from incubations of 4-HPR with HLM. The individual enzymes responsible for production of these metabolites were then investigated by incubation of 4-HPR with supersomes over-expressing individual human CYP enzymes. The panel of CYPs tested contained those known to be involved in drug metabolism, including CYP3A4, as well as those known to metabolize other retinoids (Marill et al., 2000; McSorley and Daly, 2000; Zhang et al., 2000) . Metabolism to the newly identified metabolite, 4′-OH 4-HPR, was catalysed by all CYPs tested, but to the greatest extent by CYPs 3A4, 3A5 and 2C8. Metabolism to the active metabolite 4′-oxo 4-HPR was only achieved following incubations with CYPs 2C8 and 3A4. This is a similar profile of CYP isoforms to those previously identified as being involved in the metabolism of 9-cis retinoic acid, 13-cis retinoic acid and ATRA to the corresponding 4-oxo metabolites (Marill et al., 2000; McSorley and Daly, 2000) . It is possible that higher levels of 4-oxo production in HLMs may involve a degree of metabolism not mediated by CYP. Metabolism by CYP2C8 was further investigated, as it is known to be highly polymorphic in the general population (Bahadur et al., 2002) and has previously been shown to play a role in the metabolism of cancer drugs, including paclitaxel (Dai et al., 2001 ) and other retinoids (Rowbotham et al., 2010b) .
Analysis of kinetic parameters of CYP2C8 isoforms demonstrated differences in the metabolism of 4-HPR in terms of metabolism to 4′-oxo 4-HPR and 4′-OH 4-HPR. Most notably, the V max for the formation of 4′-OH 4-HPR was higher for wild-type CYP2C8*1 (Vmax 0.2 peak area U·min -1 ·pmol -1 CYP) as compared with CYP2C8*4 (Vmax 0.11 peak area U·min -1 ·pmol -1 CYP), with Vmax/Km ratios of 0.028 and 0.026 determined for *3 and *4, respectively, as compared with 0.036 for *1. Conversely, the Vmax for the formation of 4′-oxo 4-HPR was lower for wild-type CYP2C8*1 (Vmax 0.04 peak area U·min -1 ·pmol -1 CYP) as compared with CYP2C8*4 (Vmax 0.128 peak area U·min -1 ·pmol -1 CYP). These data suggest that CYP2C8 genotype may have a considerable impact on the metabolism of 4-HPR, and consequently on the clinical effects of this drug. This pathway of metabolism may be particularly important in tumour cells which are resistant to 4-HPR, but sensitive to the 4′-oxo metabolite (Villani et al., 2006) . Of interest, lower activity for CYP2C8*3 and *4, as compared with wild type, has previously been reported in vitro for the metabolism of arachidonic acid to epoxyeicosatrienoic acids, with a greater risk of renal toxicity associated with CYP2C8*3 genotype in patients treated with calcineurin inhibitors (Smith et al., 2008) . As different expression systems were used, it was not possible to directly compare kinetic parameters obtained
Figure 7
Determination of kinetic parameters for the formation of glucuronide metabolites of fenretinide (4-HPR) by a panel of uridine 5′-diphospho-glucoronosyl transferases (UGT) enzymes, human intestinal microsomes (HIM) and human liver microsomes (HLM); 1 mg·mL -1 of the major UGTs found to metabolize 4-HPR (1A1, 1A3 and 1A6, as well as HIM and HLM) were incubated with 0, 5, 25, 50, 75, 100, 150, 200, 250, 300 , 500, 1000 and 2000 mM 4-HPR for 3 h. Metabolite formation was determined by high-performance liquid chromatography analysis. Results are mean Ϯ SD from three independent experiments.
Table 3
Determination of kinetic parameters for the formation of the glucuronide metabolite of 4-HPR by a panel of uridine 5′-diphospho-glucoronosyl transferases (UGT) enzymes, HIM and HLM
Km (mM)
Vmax ( , 5, 25, 50, 75, 100, 150, 200, 250, 300 , 500, 1000 and 2000 mM 4-HPR for 3 h. Metabolite formation was determined by HPLC analysis. Results are expressed as mean Ϯ SD from n Ն 3 experiments. Vmax significantly different for UGT1A1 and UGT1A3 (P < 0.0001), for UGT1A1 and UGT1A6 (P < 0.0001) and for UGT1A3 and UGT1A6 (P < 0.0001); Km significantly different for UGT1A1 and UGT1A3 (P = 0.0051) and for UGT1A1 and UGT1A6 (P = 0.0066). Statistical analysis carried out on supersome data only, with Vmax results standardized to pmol UGT used for analysis. 4-HPR, fenretinide; 4′-OH 4-HPR, 4′-hydroxy fenretinide; 4′-oxo 4-HPR, 4′-oxo fenretinide; CYP, cytochrome P450; HIM, human intestinal microsomes; HLM, human liver microsomes; N/A, no data available.
from CYP2C8 variants expressed in E. coli with those obtained from supersomes over-expressing CYP2C8. However, it is reassuring that Vmax/Km ratios of comparable magnitude were generated from experiments using the two different approaches. The effect of known CYP inhibitors was also investigated to further corroborate the involvement of CYPs 3A4 and 2C8 in 4-HPR metabolism. 4-HPR was incubated with HLM in the presence and absence of ketoconazole and/or omeprazole. Ketoconazole considerably inhibited the production of both metabolites, with 75% inhibition of 4′-OH 4-HPR and 85% inhibition of 4′-oxo 4-HPR at 100 mM. Omeprazole alone, at a concentration of 100 mM, had very little effect on either metabolite, but in combination with 100 mM ketoconazole, complete inhibition of both metabolites was observed. No effect was seen with omeprazole in the absence of ketoconazole, as HLM have approximately 25 times more CYP3A4 activity than CYP2C8, meaning that any inhibition of CYP2C8 alone may be masked by the greater activity of CYP3A4 as compared with CYP2C8 in this system. It should be noted that these CYP inhibitors may be relatively nonselective at the concentrations used in these experiments. For example, ketoconazole has been shown to markedly inhibit CYP2C8, as well as CYP3A4, at concentrations >10 mM in a previous study (Ong et al., 2000) . Similarly, omeprazole has been shown to inhibit CYPs 2C9 and 2C19 (Li et al., 2004) , although the role played by these two enzymes in the metabolism of fenretinide would appear to be minimal. The results obtained in the current study are comparable to the effect of CYP inhibitors on other retinoids; for example, ATRA metabolism has previously been shown to be inhibited approximately 90% by ketoconazole (Schwartz et al., 1995) .
In addition to 4′-OH 4-HPR and 4′-oxo 4-HPR, 4-MPR has previously been identified as a major metabolite of 4-HPR (Swanson et al., 1980) and its pharmacokinetic properties have subsequently been investigated (Hultin et al., 1990; Mehta et al., 1998; Vratilova et al., 2004) . However, the enzymes responsible for this methylation reaction have not previously been characterized. The identification of SAM as a necessary cofactor for 4-HPR methylation allowed investigations into the formation of all three major 4-HPR metabolites in a single in vitro system. Of several candidate methylation enzymes, which require SAM as a cofactor, only a limited number are microsomal. The current study showed that 4-MPR production was not affected by inhibitors of COMT or PMT, but was inhibited up to 80% by imidazole, a competitive substrate for amine-Nmethyltransferases, which are known to be microsomal and are involved in the metabolism of many drugs and carcinogens (Ansher and Jakoby, 1986) . It was not possible to definitively identify the enzyme involved in this important pathway of 4-HPR metabolism.
Although the formation of 4-HPR glucuronide metabolites has not previously been reported, we investigated the potential for 4-HPR to be metabolized by a panel of recombinant human UGTs as this pathway has previously been shown to be relevant to the metabolism of other retinoid drugs (Czernik et al., 2000; Samokyszyn et al., 2000; Rowbotham et al., 2010a) . Although UGTs 1A1, 1A3 and 1A6 were shown to generate 4-HPR glucuronide, it would seem unlikely that this pathway of metabolism will play a significant role in determining 4-HPR disposition in patients.
Retinoids are also known to be significantly metabolized by CYP26, though the contribution of this metabolism cannot be determined by the same methods as for the other CYPs investigated, as supersomes over-expressing CYP26 are not currently available. However, as ATRA is known to induce CYP26 expression, pretreatment of cell lines with ATRA prior to 4-HPR treatment, in conjunction with an assay to determine CYP26 expression would enable investigation into this aspect of 4-HPR metabolism (Armstrong et al., 2005) . Once the role played by CYP26 in determining 4-HPR metabolism has been fully ascertained, further ways to modulate this metabolism through the use of retinoic acid metabolism blocking agents may be investigated. Such an approach has already been extensively studied with other retinoids and has been found to consistently reduce retinoid metabolism (Huynh et al., 2006; Njar et al., 2006; Armstrong et al., 2007) .
The achievement of effective and consistent plasma concentrations in patients has been a major limitation to the clinical development of 4-HPR. Clinical trials in neuroblastoma patients have shown huge variability in peak plasma concentrations of 4-HPR, varying from 1-20 mM at higher doses (Villablanca et al., 2006) . Reformulation of 4-HPR from the currently used oil-based capsules to a lipid matrix has been shown to increase plasma concentrations up to sevenfold in a mouse model (Maurer et al., 2007) and to reduce inter-patient variation in a phase I trial in neuroblastoma patients (Marachelian et al., 2009) . Although this largely represents a formulation and bioavailability issue, it is clearly not advantageous for a significant percentage of 4-HPR to be metabolized to inactive metabolites. Indeed, as 4-HPR bioavailability is improved, the level of metabolism to its active, synergistic 4′-oxo 4-HPR metabolite, as compared with the inactive 4-MPR metabolite, may become a more significant factor in determining its overall effectiveness. Identification of the enzymes responsible for 4-HPR metabolism in the current study provides a stepping stone for future studies to determine the potential role of these enzymes in determining the efficacy of 4-HPR.
